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Immunogold cytochemistry - DNA localization - Cryptomonas 
nucleomorph 
The distribution and subcellular localization of DNA in the uni-
cellular alga Cryptomonas has been investigated electron-micro-
scopically by indirect immunocytochemistry, using a monoclonal 
DNA antibody and a gold-Iabeled secondary antibody. This tech-
nique proved to be very sensitive and entirely specific. DNA could 
be demonstrated in four different compartments (nucleus, nucleo-
morph, plastid, and mitochondrion). 
Within the plastid, DNA is concentrated in stroma regions that 
are localized preferentially around the center of the organelle. The 
mitochondrion contains several isolated DNA-containing regions 
(nucleoids). Within the nucleus, most of the DNA is localized in 
the 'condensed' chromatin. DNA was also detectable in small ar-
eas of the nucleolus, whereas the interchromatin space of the nu-
cleus appeared almost devoid of DNA. Within the nucleomorph, 
DNA is distributed inhomogeneously in the matrix. DNA could 
furthermore be detected in restricted areas of the 'fibrillogranular 
body' of the nucleomorph, resembling the situation encountered in 
the nucleol us. 
The presence of DNA and its characteristic distribution in the 
nucleomorph provide additional, strong evidence in favour of the 
interpretation of that organelle as the residual nucleus of a eukary-
otic endosymbiont in Cryptomonas. 
Introduction 
Presently, there are two alternative hypotheses on the phy-
letic origin of plastids and mitochondria in eukaryotic cells 
Abbreviations. DP Electron-dense particles. - E Ejectisome. - FG 
Fibrillogranular body. - G Gullet. - M Mitochondrion. - N Nu-
cleus. - Nm Nucleomorph. - No Nucleolus. - P Plastid. - Py 
Pyrenoid. - S Starch. 
1) Or. Paul Hansmann, Institut fur Biologie II der Universitat, 
Abt. Zellbiologie, Schanzlestr. 1,0-7800 Freiburg/ Federal Repub-
lic of Germany. 
152 
(eucytes). Whereas an endosymbiotic origin of DNA-con-
taining organelles has been postulated by several authors 
('endosymbiont hypothesis ' , cf. [31]), others favour a non-
symbiotic, autogenous origin (cf. [6]). In recent years, a 
growing body of evidence, mainly from biochemical and 
molecular biological studies, has accumulated in support 
of the endosymbiont hypothesis. In the case of plastids es-
pecially, this hypothesis now seems well established [18]. 
The endosymbiont hypothesis maintains, in its original 
form, that plastids are derived from photosynthetic prokary-
otes that became incorporated as cytosymbionts into eu-
cytes already containing mitochondria. Such an interpreta-
tion may well apply to the plastids of red algae as well as 
chlorophytes and all the higher plants, but not to other 
plants (algae), the plastids of which are surrounded by 
more than two envelope membranes. In these cases, it has 
been suggested that photosynthetic, unicellular eukaryotes 
were incorporated into zoo flagellates as cytosymbionts 
and, during further evolution, became gradually reduced 
to 'plastids' (cf. [16,46]). An intermediary state in the phy-
letic reduction of cytosymbiotic algal cells to 'plastids' in 
zoo flagellates is possibly presented by the unicellular cryp-
tomonads. The plastids of cryptomonads are surrounded 
by four membranes, the inner two corresponding to the or-
dinary plastid envelope, the outer two being referred to as 
'periplastidal ER'. Between the two pairs of membranes is 
a narrow plasmatic compartment, supposedly the remnant 
of the cytoplasm of a former endosymbiont. This compart-
ment contains, amongst ribosomes and starch deposits, an 
organelle surrounded by two membranes with pores that 
presumably represents a residual nucleus. Consequently, it 
has been termed 'nucleomorph' [20]. It contains a few 
'dense particles' and a 'fibrillogranular body', the latter 
possibly being the remains of a nucleolus [17]. In the cryp-
tomonad cell, the number of nucleomorphs is always the 
same as the number of plastids. Depending on the particu-
- ------- - - - - - - - --- - ---- -
lar species, this number is either one or two [40]. The nu-
c1eomorph is located either within an invagination of the 
plastid's pyrenoid, or free in the space between the plastid 
envelope and the periplastidal ER [17]. The nucleomorph 
divides immediately before the onset of nuclear and cell 
division [32, 34]. 
If the interpretation of the nucleomorph as the residual 
nucleus of a former eukaryotic endosymbiont is correct, 
the nucleomorph might be expected to contain DNA. In 
fact, DNA in the nucleomorph could recently be demon-
strated unequivocally by DAPI fluorescence [29, 23]. Ear-
lier attempts to detect DNA within the nucleomorph and 
to trace its finer distribution by electron microscopic meth-
ods proved either unsuccessful or led to ambiguous results 
[17,39]. 
There are several EM cytochemical methods for 
studying DNA distribution at a subcellular and even sub-
organelle level (cf. [35]). Recently, a DNase gold method 
has been developed by Bendayan [2] for the fine structural 
localization of DNA. However, this method could not be 
Fig. 1. Overview of Cryptomonas ovata (a) and Cryptomonas sp. 
(b) after glutaraldehyde/ Os04 fixation and Epon-embedding. -
successfully applied to Cryptomonas (unpublished own re-
sults). By use of a monospecific, monoclonal DNA anti-
body we could now precisely localize the DNA in the four 
DNA-containing organelles of two different Cryptomonas 
species. This enabled us to compare DNA distribution in 
the nucleomorph with that of the cell nucleus. Further-
more, new information could be obtained regarding DNA 
topology of plastids and mitochondria. 
Materials and methods 
Cell cultures 
Cryptomonas ovata was obtained from the Sammlung von Algen-
kulturen, Gottingen/ FRG, and was cultured on desmidiacean me-
dium [44]. Cryptomonas sp. was a gift of Dr. P. Emschermann, 
University of Freiburg/ FRG, and was grown on fl2 medium [21]. 
Both cultures were maintained at 21 DC with a 12 h light/ 12 h dark 
cycle. Cells were harvested for fixation 20 days after inoculation. 
insets show the fine structure of nucleomorphs at higher magnifi-
cation. - Bars 2 ~m (a, b), I ~m (insets) . 
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Conventional electron microscopy 
For fixation and washing the cells were collected by centrifugation 
at 500g for 5 min. All fixation and washing steps were performed 
at room temperature. 
C. ovata was prefixed in the culture medium by adding glutaral-
dehyde and cacodylate buffer, pH 7.4, to final concentrations of 
0.5% and 10 mM . After 30 min the cells were collected, fixed in 3% 
glutaraldehyde + 50 mM cacodylate buffer, pH 7.4, for 3 hand 
washed five times in buffer. C. sp. was fixed in 3% glutaraldehyde 
+ 50 mM cacodylate buffer, pH 7.4, osmotically balanced with 
0.5 M sucrose for 3 h and washed five times in buffer containing 
decreasing amounts of sucrose. Cells of both species were post-
fixed in 2% OS04 in buffer for 1 h. After washing in buffer, embed-
ding in low-gelling-temperature agarose and staining en bloc in 2% 
aqueous uranyl acetate for I h, the cells were dehydrated in a 
graded ethanol series and embedded in Epon 812. Sections (Ultra-
cut microtome, Reichert-lung/ FRG) were poststained with uranyl 
acetate and lead citrate. Micrographs were taken with a ZEISS EM 
10 CR electron microscope. 
EM immunocytochemistry 
C. ovata was prefixed as described above. Thereafter the cells were 
further fixed in 4% formaldehyde (freshly prepared from paraform-
aldehyde), 0.5% glutaraldehyde in 50 mM phosphate buffer, pH 
7.4, for 3 h and washed in buffer. C. sp. was fixed in the same 
medium as C. ovata but containing 0.5 M sucrose and washed in a 
decreasing sucrose series in buffer. Cells of both species were em-
bedded in low-gelling-temperature agarose at 35 QC. Dehydration 
and embedding in Lowicryl K4M followed the standard procedure 
of Carlemalm et al. [5]. The resin was UV -polymerized at - 30 QC 
for 24 h and at room temperature for a further 5 days. Pale gold 
sections were cut on the ultramicrotome and mounted on carbon-
reinforced Formvar-coated 200 mesh hexagonal nickel grids. 
The hybridoma clone AK 30-10 producing monoclonal antibod-
ies (IgM) to DNA was the result of a fusion of cells of the mouse 
myeloma line Ag 8.653 with the spleen cells of a BALB/c mouse 
that was previously immunized with the high salt and detergent 
resistant material of a rat hepatoma. IgM immunoglobulins were 
purified from ascites fluid by gel filtration on Sephacryl S 300 col-
umns (Pharmacia, Uppsala/ Sweden) with 0.5 M NaCI, 50 mM 
Tris-HCI, pH 7.5, as elution buffer at 4 QC. The early eluting IgM 
fractions were concentrated by vacuum dialysis (Sartorius, Gtit-
tingen/ FRG) against phosphate-buffered saline (PBS) to a final 
concentration of 1 mg/ ml. The antibody binds to double and sin-
gle-stranded DNA but not to RNA. A detailed account on this an-
tibody, including binding studies by competitive ELISA-tests with 
a variety of synthetic oligonucleotides and natural nucleic acids, 
will be presented elsewhere [42]. 
For labeling of the sections the following protocol was applied 
(all steps were performed at room temperature): 5 min bidistilled 
water (b. w.); 10 min PBSFT (PBS plus 5% fetal calf serum, 0.1% 
Tween 20); 1 h monoclonal DNA antibody in PBSFT (10 Ilg/ml) ; 
twice 10 min PBSFT; twice 10 min PBSBT (PBS plus 1% BSA, 
0.1 % Tween 20) ; 1 h GAMlgM (diluted 75-fold with PBSBT); four 
times 10 min PBSBT; three times 5 min b. w.; air drying ; 5 min 
b.w.; 8 min 2% aqueous uranyl acetate; three times I min b.w.; 
I min lead citrate; three times I min b. w.; jet wash with b. w.; fi-
nally the sections were air dried. 
Three controls for labeling were carried out. First, the mono-
clonal DNA antibody was omitted. Second, the monoclonal DNA 
antibody was preincubated with plasmid DNA (pBR 328) in 
PBSFT for I h. Third, the grids were preincubated at 30 QC for dif-
ferent lengths of time (see Results) with 1 mg/ ml DNAse I 
(Serva, Heidelberg/ FRG) in PBS plus 7 mM MgCI 2• After every 
2 h the reaction mixture was renewed. 
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Results 
Cryptomonas cell fine structure 
Two Cryptomonas species, distinctively different in fine 
structure and physiology, were chosen for our study. C. ov-
ata is a unicellular freshwater alga with two plastids and 
two corresponding nucleomorphs per cell. The nucleo-
morphs are located beneath the inner, concave side of the 
plastids (Fig. la). The second Cryptomonas species (C. sp.) 
has not been identified. Its natural habitat is seawater, and 
there is only one nucleomorph per cell, located in an in-
vagination of the pyrenoid (Fig. 1b). The nucleomorphs of 
both species are composed of an envelope of two mem-
branes with pores, an amorphous ground matrix (GM) 
with a 'fibrillogranular' region (FG) and a few ± spherical 
'dense particles' (DP). Both the FG and the DP are heavily 
contrasted by uranyl acetate (insets , Fig. 1) which indicates 
that both these components contain nucleic acids. In both 
species, the nucleus contains one nucleolus. There is no 
nucleolus-associated heterochromatin. Condensed chro-
matin can be observed (particularly well in C. sp.) as elec-
tron-dense domains scattered throughout the nucleus and 
accumulated at the inner side of the nuclear envelope. The 
non plasmatic perinuclear space is continuous with the peri-
plastidal ER that, in turn, surrounds the whole plastid. The 
plastids contain, in their central part, some matrix domains 
free of thylakoids. Many extrusive organelles ('ejecti-
somes') are situated in the peripheral plasma of the cells, 
and there is also one large mitochondrion (Fig. 1). 
DNA localization 
In Figure 2, the results of DNA immunolabeling in C. ov-
ata are shown. The survey (Fig. 2a) demonstrates the typ-
ical clustering of gold particles at places of high local 
DNA concentration. There is only faint background label-
ing, confined primarily to starch deposits. Both nucleo-
morphs are, however, strongly labeled (insets Fig. 2a). The 
distribution of the label is inhomogeneous, the fibrillo-
granular regions being only seldom labeled, and the DP 
never. DNA-positive areas of the GM could invariably be 
followed through successive serial sections (Figs. 2b, c). 
This points to an inhomogeneous distribution of DNA in 
the ground matrix of the nucleomorph. 
Similar results were obtained with C. sp. (Fig. 3). In the 
nucleus, regions of condensed chromatin are heavily la-
beled (Fig. 3a), whereas only a few gold particles are found 
associated with interchromatin areas (some of which 
could, moreover, belong to tangentially cut, and hence not 
discernible, condensed chromatin). Nucleomorphs are in 
most cases strongly labeled (Fig. 3a), the gold particles be-
Fig. 2. Immunocytochemical localization of DNA on Lowicryl 
K4M sections of C. ovata. - a_ Overview of a whole cell with the 
two nucleomorphs (see also insets). - Note the nonrandom distri-
bution of gold particles in the nucleus, nucleomorphs and plas-
tids. - b, c. Serial sections of a nucleomorph with corresponding 
regions immunolabeled. - Bars 2 Ilm (a), Illm (b, c), insets (a) 
0.5 Ilm. 
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Fig. 3. Immunocytochemicallabeling of DNA on Lowicryl K4M 
sections of C. sp. - a. Overview of the nucleus and nucleomorph. 
Only a small region of the nucleolus (b) and of the fibrillogranular 
ing distributed inhomogeneously mainly throughout the 
GM (Figs. 3a, d, e). As in C. ovata, DP are never labeled. 
Sometimes, small areas within the FG of the nucleomorph 
are also heavily labeled (Fig. 3c). Corresponding observa-
tions could again be made for the nucleolus of the cell nu-
cleus (Fig. 3b). 
Besides the labeling of nuclei and nucleomorphs, gold 
particles could also be found over limited regions of the 
plastids and mitochondria. In plastids, regions of stroma 
matrix in the inner part of the organelle are densely la-
beled (Figs. 2, 3, 4b). Not all of the mitochondrial profiles 
are labeled in sections (cf. Figs. 2 and 3 with Fig. 4a), sug-
gesting that the mitochondrion is comprised of several 'nu-
c1eoids'. 
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body (c) are labeled (arrows). The distribution of the gold particles 
in the ground matrix of the nucleomorph is not homogeneous (d, 
e). - Bars 1l1m (a, b, d, e), 0.5 I1m (c). 
Specificity of DNA labeling 
The specificity of DNA labeling on sections by the immu-
nogold technique applied in this study was tested in sev-
eral ways. There was virtually no labeling if the primary 
antibody was either omitted or saturated by incubation 
with protein-free DNA prior to its application to sections 
(Figs. Sa, c). If the antigen was specifically removed from 
the surface of the sections by rinsing them in a solution of 
DNase I, the labeling was gradually diminished and even-
tually abolished. After a treatment with DNase I for 2 to 
4 h, nucleomorphs (Fig. Sd), mitochondria, and plastids 
could no longer be labeled. Chromatin DNA of the nu-
cleus proved to be more resistant, particularly in the case 
Fig. 4. Localization of DNA in profiles of the mitochondrion (a) 
and plastid (b) of C. ovata. Most of the stromal regions of the 
plastid are labeled whereas only a few cross sections of the mito-
chondrion show immunostaining (arrows). - Bars 1 jlm. 
of the denser chromatin of C. sp. Even so, after 4 h treat-
ment with DNase I only very few gold particles appeared 
to be associated with the areas of condensed chromatin 
(Fig.5b). 
Discussion 
EM cytochemistry of DNA 
At the beginning of our investigation of DNA topology in 
Cryptomonas cells, and DNA distribution in nuclei as 
compared to that in nucleomorph, the DNase I-gold tech-
nique of Bendayan [2] appeared to be the most appropriate 
procedure. This method has been claimed to be specific for 
DNA [3], and it had already been employed successfully 
by several groups [7]. However, in Cryptomonas not only 
the nucleus was heavily labeled by this method but also 
ejectisomes (results not shown here). Ejectisomes are, how-
ever, known to consist of proteins [33] and presumably 
they do not contain DNA. On the other hand, neither mi-
tochondria nor plastids were labeled in Cryptomonas, al-
though these organelles definitely do contain DNA. An-
other point speaking against the DNase I-gold technique 
as a specific cytochemical means for localizing DNA is the 
following. Actin is known to be a strong inhibitor of 
DNase I [27]. In fact, DNase I exhibits an extreme affinity 
for G-actin (binding constant 5 x lOB M - I; for F-actin: 
1.2 X 104 M - I; [30]). As Wang and Goldberg [45] have 
shown, it is possible to visualize actin micro filaments in 
non muscle cells, either directly by rhodamine-DNase I 
conjugates, or by indirect immunofluorescence (DNase I 
+ fluorescent DNase I antibody). Moreover, actin is pur-
portedly present in many (all?) nuclei [28]. The nuclear ac-
tin occurs mainly in the G form showing high affinity for 
DNase I [9, 43]. The concentration of actin in nuclei is, in 
many cases, considerable. For example, in amphibian oo-
cyte nuclei it reaches 3 to 4 mg· ml - 1 [10, 26]. In Physarum, 
the local actin concentration in the nuclei may exceed that 
of the cytoplasm by one order of magnitude [25]. It there-
fore cannot be excluded that with the DNase I-gold tech-
nique not only DNA but also actin is being localized [38]. 
Another method for detecting DNA at the EM level is 
radioautography. However, only actively replicating DNA 
can be labeled with radioactive precursors, and due to the 
long exposure times, a redistribution of labeled products 
cannot be fully excluded [1]. Furthermore, the radioauto-
graphic resolution is below that of the EM. We therefore 
decided to make use of a newly developed monoclonal 
DNA antibody [42] as the primary antibody in indirect im-
munocytochemistry of DNA. The high specificity of the 
monoclonal antibody has been established by several con-
trol experiments, described in Materials and methods. 
DNA topology of nuclei 
In the present study, it was shown that most of the nuclear 
DNA is located in the regions of condensed chromatin and 
in the nucleolus organizer region, whereas the 'dispersed' 
chromatin appeared to be almost free of DNA. Corre-
sponding results have been obtained, by use of a Feulgen-
type reaction (osmium-ammine-S02 [11], cf. [15]), with in-
terphase nuclei of Euglena [36] and, amongst many others, 
including rat hepatocyte nuclei [13] (cf. also [35]). There is 
growing evidence for a distinct functional organization of 
interphase nuclei [22]. DNA replication, as well as tran-
scription, seem to take place preferentially at the irregular 
boundaries between condensed and dispersed chromatin 
[37, 24]. Conceivably, dispersed chromatin comprises only 
the relatively small amount of activated DNA sequences. 
If so, nuclear DNA topology should strongly depend on 
the physiological state of the respective cell. In our case, 
the algae were just entering the stationary phase when they 
were fixed. In this state, both replication and transcription 
are at a very low level. This would mean that nearly all 
chromatin was in a condensed condition, leaving the rest 
of the nuclear compartment ('dispersed chromatin') almost 
devoid of DNA. 
DNA topology of the nucleomorph 
The occurrence of DNA in the nucleomorph of crypto-
monads, demonstrated quite recently by DAPI fluores-
cence [29, 23], has been corroborated in the present study 
by an indirect method. Furthermore, the fine structural lo-
calization of DNA in the nucleomorph shows striking sim-
ilarities of DNA distribution in the nucleus. Most of the 
nucleomorph DNA is distributed inhomogeneously in the 
ground matrix of the organelle. The fibrillogranular region 
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of the nucleomorph has been proposed by Gillott and 
Gibbs [17] to correspond to a nucleolus. Santore [39], after 
employing Bernhard's uranyl acetate/ EDTA technique [4], 
reported DNA to be concentrated particularly in this re-
gion of the nucleomorph. On the other hand, using the 
same technique, Gillott and Gibbs [17] were not able to 
find DNA in the fibrillogranular body. The evidence ob-
tained by these authors implied rather that the fibrillogran-
ular region contained RNA. We found DNA in small areas 
of the fibrillogranular region. This corresponds exactly to 
the situation in the nucleolus, where the DNA of the nu-
cleolus organizer region is confined to meandering, narrow 
'lacunae' within a structure otherwise dominated by ribo-
nucleoprotein. It is possible that, within the fibrillogranu-
lar region, the synthesis of rRNA takes place as a prerequi-
site for the formation of the ribosomes of the periplastidal 
compartment which, as judged from their size, are of the 
eukaryotic type [17]. 
The composition and function of the 'dense particles' in 
the nucleomorph remain unclear. According to Gillott and 
Gibbs [17] these particles might be RNA virions. Morrall 
and Greenwood [34] considered the possibility that the 
dense particles might be condensed chromatin. We were, 
however, not able to detect DNA in these particles. Ac-
cordingly, they seem unlikely to be chromatin of any 
kind. 
Fig. 5. Labeling controls on Lowicryl K4M sections of C. ovata 
showing nuclei (a, b) and nucleomorphs (c, d). Preincubation of 
the DNA antibody with plasmid DNA (pBR 328; a, c). DNase I 
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The nucleoids of plastids and mitochondria 
On the basis of DAPI fluorescence data, Coleman [12] re-
ported on the distribution of DNA in the plastids of about 
one hundred algal species. The identification of plastid nu-
cleoids proved difficult, however, in the case of tiny cryp-
tomonads with their additional, DNA-containing nucleo-
morph. Nevertheless, Coleman's results are entirely con-
sistent with ours. DNA is contained in almost every region 
of the plastids from which thylakoids are excluded, and in 
which stroma material is accumulated. Areas of this kind 
Cnucleoids') are scattered throughout the whole plastid, al-
though most of them are located more or less centrally. 
Every Cryptomonas cell contains one large mitochon-
drion which, according to Santore and Greenwood [41], 
forms an extended network. Since DNA could be detected, 
in our study, in only some of the mitochondrial profiles in 
sections, it can be concluded that there are several nu-
cleoids per mitochondrion. 
Nucleomorphs and the endosymbiont hypothesis 
The results presented here supply further support for the 
opinion, first expressed by Greenwood [19], that the nu-
cleomorph of cryptomonads might represent a residual nu-
cleus of a eukaryotic endosymbiont that, during long-last-
ing phyletic coevolution, became reduced almost to its 
treatment of the sections for 4 h prior to labeling (b, d); only a few 
gold particles are visible over the condensed chromatin of the nu-
cleus. - Bars 1 ~m . 
plastid(s) in the cells of zootlagellates. Whereas in other 
Chromophyta (sensu Christensen [8]) only plastids and a 
single surrounding membrane (presumably the plasma 
membrane of the cytosymbiont) have been left over by this 
gradual adaptive reduction, some members of the Chro-
mophyta still possess a few additional structures contained 
in a narrow periplastidal compartment (e.g. 'periplastidal 
reticulum' [14]). In cryptomonads, however, some remains 
of the symbiont's cytoplasm and nucleus apparently have 
been retained. This would mean that intermediary states in 
intracellular adaptation of photosynthetic cytosymbionts 
have been preserved in some 'algae', so that transitional 
stages of evolution could be investigated in contemporary 
organisms which provide us with 'living fossils' at the cel-
lular level. 
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